We exploit the recoil loop measurements to study the asymmetric magnetization reversal in an exchange-biased La0.37Sr0.33MnO3/La0.33Ca0.67MnO3 
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We exploit the Interactions between different magnetic phases in a hybrid structure give rise to intriguing magnetic behaviour. In an antiferromagnetic (AF)-ferromagnetic (FM) bilayer film, the exchange coupling across the interface can displace the hysteresis loop along the magnetic field axis. Although this so-called exchange bias phenomenon was discovered half a century ago, [1] it has attracted increasing interest because of its elusive microscopic origin and its technological applications to magnetic read heads and magnetic nonvolatile memories. [2, 3] In the past decades, many interesting properties were found in exchange biased systems. Among the enriched connotation of exchange bias, a fundamental issue, which has received considerable attention, is the asymmetry exhibiting in the magnetization reversal process. [4−19] It has been observed that in the ascending branch of a hysteresis loop, the reversal proceeds by magnetization rotation, in the descending branch it can take place by domain wall nucleation and motion. [5, 9, 13] Dissimilar scenarios were also reported. [4, 12, 15, 17, 19] Experimentally, the reversal asymmetry has been explored by conventional magnetometry, polarized neutron reflectometry, [5, 9, 16] anisotropic magnetoresistance, [6, 10] and magnetic domain imaging techniques. [4, 13, 14, 18] For the convenient magnetometry methodology, the reversal asymmetry was usually revealed by the visible asymmetric shape of the hysteresis loop, [9, 11, 15] or further by different magnetic viscosities close to the left and right coercive fields, respectively. [7, 8] In this Letter, we propose a new approach, i.e. using recoil loops to study the asymmetry of magnetization reversal. Recoil loop refers to a type of minor loop which results from the removal and reapplication of a demagnetizing field applied to a magnetically saturated material. [20] It is often used to characterize the technical performance such as reversible and irreversible contributions in the demagnetization for a permanent magnet at a given applied field. In recent years, recoil loops are mostly studied in exchange spring magnets that consist of suitably dispersed soft and hard magnetic phases for achieving high values of maximum energy product (BH) max . [21−26] It has been shown that the features of a recoil loop such as its openness or its eye effect, may have a close correlation with the inter-granular or inter-layer exchange coupling between the soft and hard magnetic phases. In the present work, the studied material is an exchange biased La 0.67 Sr 0.33 MnO 3 (LSMO, FM)/La 0.33 Ca 0.67 MnO 3 (LCMO, AF) bilayer film. By measurements of major and minor loops, we aim to find whether the recoil loops can be exploited to manifest the asymmetric magnetization reversal, and consequently, can provide insights to the interfacial AF-FM exchange coupling.
Bilayer films LSMO (t = 15 nm)/LCMO (t = 30 nm) was grown onto single crystal SrTiO 3 (STO) (100) substrate by pulsed laser deposition using a condition reported elsewhere. [27] The θ − 2θ x-ray scans reveal a crystallographic orientation of (00l) for both AF and FM layers. It is worth noting that the first epitaxial growth of the FM-LSMO layer then covered by an AF-LCMO layer is based on the lattice mismatch between the film materials and STO. The lattice constant of cubic STO is 3.905Å. In the simple pseudocubic description the lattice constants of LSMO and LCMO are 3.88Å and 3.80Å, respectively. Therefore, the inverse architecture induces a tensile strain between the layers, and this ensures a usual magne-tization configuration with the magnetization vector M lying in the film plane.
The magnetization measurements were carried out using a superconductor quantum interference device magnetometer (Quantum Design, MPMS-7). The small remanent magnetic field (∼10 Oe) of the superconductor magnet was carefully recorded and corrected by measuring the hysteresis loop of a palladium specimen. In order to establish the exchange bias, the bilayer film was cooled from 300 K (above the Néel temperature ∼170 K for LCMO) to low temperatures in an applied magnetic field (H = 1500 Oe) along the [110] direction.
Representative hysteresis loops measured at 5 and 75 K are shown in Fig. 1 . Because the cubic crystallographic [110] is a biaxial magnetic easy-axis of the FM LSMO film grown on STO (100), [28] the measured hysteresis loops exhibit an easy-axis behaviour with a full magnetic remanence. At 5 K, the loop displays a pronounced shift, which in terms of exchange biased field is H eb = −(H c1 + H c2 )/2 = 63 Oe (H c1,2 are the coercivity, at which M = 0 in the descending and ascending branches, respectively). Meanwhile, the coercive field H c = (H c2 − H c1 )/2 = 263 Oe, which is considerably enhanced compared to that (< 50 Oe) of the single layer LSMO film grown onto STO (100). [28] Though sharp irreversible transitions occur in the vicinity of H c1 and H c2 , the M −H curve appears more rounded at the shoulder in the descending branch than that in the ascending branch. Applying a large cooling field of 50 kOe does not change this asymmetry. These facts indicate that the reversal asymmetry is not associated with an unsaturated state of the FM layer, and for the present bilayer film the magnetization reversal may be dominated by the domain wall propagation in the ascending branch, whereas it is incorporated with an incoherent process in the descending branch. With increasing temperature to 75 K, the loop shift is rather small (∼7 Oe) while no apparent asymmetry in the hysteresis loop can be distinguished (see Fig. 1(b) ). This suggests that the observed asymmetry should be caused by the developed exchange anisotropy at the AF-FM interface.
Considering the major loop asymmetry apparently exhibits at 5 K, we measured a series of recoil loops at this temperature. The field cooling procedure before the recoil loop measurements was exactly the same as used for the major loop measurements. Because the magnetic field range can conspicuously affect the features of the minor loops, all recoil loops were measured from the major loop to the centre field at H = H eb and then back to the major loop. The results are illustrated in Fig. 2 . It can be seen that at the applied demagnetizing fields all recoil curves deviate from the major hysteresis loop. At the reverse field H = −290 Oe in the descending branch, the recoil curves bears little hysteresis. When the reverse fields are approaching H c1 , the recoil loops are clearly opened up, exhibiting an eye-like shape. This indicates that a portion of the bilayer film is being driven around a minor hysteresis loop during the recoil process. As the reverse field continues to increase, the recoil loops display no apparent splitting. In contrast, for the ascending branch, the recoil loops all enclose almost zero hysteresis at the reverse fields no matter close to or away from H c2 . We have compared the recoil susceptibilities (χ) in the ascending and descending branches by measuring the slope of the line connecting the two ends of each recoil loop. As shown in Fig. 3 , a hump close to the corresponding coercive fields occurs in the descending and ascending branches. It is obvious that the peak value in the former branch is much higher than that in the latter. Hence, the above results clearly demonstrate that the asymmetric magnetization reversal can be characterized by the recoil loop measurements.
For shedding lights on the exchange spring process in nano-scaled permanent magnetic materials, recoil loops have also been studied by computational means. Based on a mean field approach, Al-Rsheed and EiHilo have calculated the recoil loops for the granular systems which have aligned easy axes and a distribution of orientation of easy axes, respectively. [24] Their numerical modelling indicates that, regardless of whether the system is completely irreversible (aligned) or it contains both reversible (soft magnetic phase) and irreversible components (hard magnetic phase) of magnetization, the opened recoil loops can be predicted if there is a local interaction field arising from the inter-particle coupling that is strong enough to cause irreversible changes of particles' moments during the recoil process. For the current AF-FM bilayer system, we ascribe the origin of the local interaction field to the interfacial AF-FM exchange coupling. The marked eye effect only emerging in the second quadrant of the major loop indicates that the exchange anisotropy in a unidirectional rather than biaxial or uniaxial nature plays a crucial role in the asymmetric magnetization reversal.
On the other hand, in our case the measuring field is parallel to the cooling field which is along one of the biaxial easy axis of LSMO layer. If the unidirectional anisotropy (K b ) is exactly along the field direction, we may write the free energy density of the sys-
where θ is the angle between field and magnetization vector, the first term is the Zeeman energy, the third term represents the cubic crystalline biaxial anisotropy, and the last two terms represent the possible field induced biaxial and uniaxial exchange anisotropies, respectively. As indicated by the initial Meiklejohn-Bean model [1] and the recent study by Camarero et al., [15] the above formulism does not necessarily yield an asymmetric loop shape except for an enhanced loop width (coercivity) and a horizontal loop shift by an amount of H eb = K b /M . It implies that the unidirectional anisotropy or the AF easy axis shall more or less deviate from the field direction [110] . This is reasonable since in LCMO a nonlinear AF structure with spins pointing close to [100] and [010] directions may exist due to the complex exchange interactions between the mixed valence manganese ions. [29] Because a unidirectional anisotropy locates somewhere between the easy axes [110] and [−110], the magnetization reversal in the descending branch would readily occur by an incoherent rotation or an incoherent multi-domain process, whereas in the ascending branch the reversal proceeds via a coherent domain wall nucleation and motion process. Also, due to this distribution of the magnetic easy axes, lowering the demagnetizing field allows the magnetization vector to easily return to the local energy minimum. This contributes appreciable reversible magnetization. Thus, the recoil susceptibility in the descending branch is higher than that in the ascending branch.
We note that in the present work the measurements of recoil loops only treats a specific asymmetry of magnetization reversal. We thus expect that more feature work could be inspired to study the issue of asymmetric magnetization reversal by applying this minor loop approach to other various asymmetric hysteresis loops, for example, the case in which the AF-FM bilayer film is grown with an in situ magnetic field and the measuring field is applied with an angle to the cooling field direction.
